The transport properties of single asymmetric nanopores in polyetheylene terephthalate ͑PET͒ are examined. The pores were produced by a track etching technique based on the irradiation of the foils by swift heavy ions and subsequent chemical etching. Electrical conductivity measurements show that the nanopores in PET are cation selective and rectify the current with the preferential direction of cation flow from the narrow entrance toward the wide opening of the pore. Moreover, the pore transports potassium ions against the concentration gradient if stimulated by external field fluctuations. We show that the rectifying and pumping effects are based on the ratchet mechanism.
I. INTRODUCTION
The words of Richard Feynman, ''There is plenty of room at the bottom, '' 1 suggest that when the dimensions of objects approach the nanometer scale we might observe new properties occurring due to the restricted geometry. 2 Physicists are well prepared to explore the nanoworld and to follow Feynman's suggestion to look for the laws governing it. In the 1940s transmission electron microscopy enabled researchers to obtain a resolution of 1 nm. The scanning tunneling microscope and atomic force microscope led to the possibility of seeing single atoms. There are techniques for producing nanostructures such as nanowires, nanotubes ͑see, for example, Refs. 3-8͒, and quantum dots. 9, 10 The biggest challenge at present is to create devices based on nanostructures ͑see, for example, Ref. 11͒. At the same time, scientists have begun to look at the various nanomachines in living organisms. As an example consider a cell with nanometer sized ion channels embedded in the cell membrane. The channels are the principal nanodevices mediating the communication of a cell with other cells via ion transport, [12] [13] [14] and enable the functioning of a living organism. There is a great variety of ion channels that fulfill various tasks. For example, there are channels that function as diodes for an ionic current-they have a preferential direction of ion flow and block almost completely ions moving in the other direction. 12 The channels called ion pumps are able to transfer ions against their concentration gradient at the expense of energy coming from the hydrolysis of ATP. 15 Many channels are highly selective for particular ions and can be controlled by an applied electric field, a molecule bound to the membrane, or applied mechanical stress. 12 Another fascinating property of ion channels is the fluctuating ion current signal for a constant voltage across the membrane ͑see, for example, Refs. 16 and 17͒. The current usually switches between just two values: zero, representing a closed state of the channel, and a nonzero one, which is called an open state of the channel. The pattern of switching between these states is different for various channels. For voltage-gated channels it depends on the external voltage. 17 Although the structure of some channels is known, 18 -20 It has been shown that a protein nanopore ͑for example, the ␣-hemolysin channel͒ can function as a biosensor for biomolecules, for example, DNA. 22 The sensing procedure is based on directing the biomolecule to the pore by means of an electric field. When passing through the pore, a biomolecule brings about its temporary blockage, which is observed as a change in the ion current signal. The ion current changes depend on the structure and chemistry of the biomolecule ͑for example, the DNA sequence͒, 22 which is the basis of its detection. Because many biomolecules are charged, this detection method can potentially be very widely applied and does not require any chemical pretreatment of the molecules, which is a big advantage over other detection techniques.
To design biosensors and learn about ion transport in nanochannels, it would be very helpful to have a synthetic, robust system that is much easier to understand and describe. It would also allow us to perform experimental studies not applicable to biochannels due to their fragile nature. First, however, we have to determine whether synthetic pores can function as analogs of biochannels. In other words, if we could prepare pores in a synthetic film of dimensions similar to these of biochannels, would it be possible to observe similar transport properties, for example, ion current fluctuations, rectification, and pumping?
Earlier studies performed by the groups of Lev, Pasternak, and Korchev ͑see, for example, Refs. 23 and 24͒, together with our recent experimental results, 21, 25, 26 indicate that the answers to these questions can be positive. The time series recorded for the biological and synthetic channels were found very similar. The ion current through the channels fluctuates between discrete levels, and it is very difficult to differentiate between the signals, both the original time series, and their power spectra. 21 The rectification of ion currents also has been demonstrated for synthetic pores. Our recent experimental results show that an asymmetric, conically shaped nanopore in poly-ethylene terephthalate ͑PET͒ and polyimide is cation selective and rectifies the cation flow from the narrow entrance toward the wide opening of the pore. [25] [26] [27] However, we can ask further questions. Would it be possible to construct a synthetic nanopore such that when it is stimulated by external electric field fluctuations, it is able to transport ions against their concentration gradient, an effect observed for biopumps? We expected that such a system would possess an internal preferential direction of ion flow and be able to counteract the diffusion flow. Therefore, a conically shaped nanopore seemed to be a good starting point for an ion pump. Our predictions were further strengthened by the discussion in Ref. 28 of the decisive role of asymmetry in the functioning of rectifying nanodevices. 28 An asymmetric semiconductor quantum dot and an asymmetric biological channel rectify the current: both devices possess a preferential direction for the current flow-the first device for the electron flow and the other one for ions. 28 Moreover, a micrometer sized synthetic realization of asymmetric channels has been accomplished recently: fabricated asymmetric micropores were shown to rectify the transport of negatively charged latex microbeads. 29 All these devices work on the ratchet principle ͑see, for example, Refs. 30-32͒, which uses the asymmetry ͑spatial or temporal͒ of the potential in which the particle moves. The ratchet potential is usually visualized as an asymmetric sawtooth ͑or a series of saw-teeth͒ like the one shown in Fig.  4͑b͒ . It represents the distribution of, for example, the electric, chemical potential, or temperature. It has been shown that nonequilibrium fluctuations can bias the Brownian motion of particles in the asymmetric potential without macroscopic forces ͑for example, thermal gradients, macroscopic electric field͒. We also know that the ratchet principle can explain the mechanism by which biological pumps ͑AT-Pases͒ function. 33 These results and the idea that asymmetric nanochannels might offer a possibility of performing both rectification and pumping of ions on a nanoscale motivated us to fabricate them.
The preparation of the asymmetric nanopores by a tracketching technique is described briefly in Sec. II. Sections III and IV discuss the transport properties of the nanopores. The single pore current-voltage characteristics were measured and rectification together with the pumping effect was demonstrated. We show that the electric potential inside a conical pore has the shape of an asymmetric tooth, and the pore transports ions according to a ratchet mechanism. The calculation of the motion of an ion in the asymmetric potential inside a conical pore confirmed the existence of the preferential direction of cation flow ͑see Sec. V͒. In Sec. VI we describe the ion current by the Smoluchowski equation.
II. A UNIQUE TOOL TO STRUCTURE MATERIALS ON A NANOMETER SCALE
To follow the properties of ion transport in nanochannels, the best system to study is a membrane with only one nanopore. We thus avoid the averaging effects coming from the ion flow through many pores as well as the problem of separating one pore out of many. We looked for a technique that makes it possible to obtain a membrane with a given number of pores. The unique tool to do this is the track etching technique. 34, 35 This nanofabrication technique is based on the irradiation of dielectric foils with energetic heavy ions between 1 and 10 12 ions per square cm. The zone of the damaged material along the straight ion paths ͑commonly named latent tracks͒ is several nanometers in diameter and is characterized by an extremely high length/width ratio of 10 4 . The irradiated foils are therefore an excellent starting point for producing membranes with very small pores. The damaged track zone is selectively removed by chemical etching, leaving the pristine material almost intact. The number of pores is determined by the number of incident ions. 36 By a proper choice of etchant, temperature, and etch time, the diameter of the resulting pores can be adjusted to be between 10 m and 10 nm. The etching conditions also determine the shape of the pores. To obtain a conical shape, the foil is placed between two chambers of a conductivity cell and etched from one side ͓Fig. 1͑a͔͒. The other chamber is filled with a stopping medium that neutralizes the etchant. 25 For example, if NaOH is used as an etchant, the stopping medium is acidic. The etching is controlled by monitoring the current ͓Fig. 1͑b͔͒. Because the tracks left in material by energetic heavy ions are not permeable to ions, the current in the beginning of the etching process is zero. When the pore is etched through, the current increases gradually, showing unambiguously the opening of the pore as well as reflecting the increase of the pore diameter. To obtain nanopores, the etching has to be stopped shortly after the break through. For our studies we used commercially available polyethylene terephthalate ͑PET͒ foils that are 12 m thick. 37 It is known that the cleavage of polymeric chains during irradiation and etching produces carboxylate groups. The degree of carboxylate groups deprotonation, and therefore the pore surface charge, is regulated by the electrolyte pH. At neutral pH, the carboxylate groups are dissociated and the pore is negatively charged. Lowering the pH value results in protonation of the groups and diminishing the surface charge. There is a value of pH, characteristic for a given surface and molecules ͑for example, proteins͒, called an isoelectric point, for which the net surface charge is zero. The isoelectric point for the etched PET is ϳ3.8. The issue of surface charge is very important, because when ions pass through a narrow pore, they interact with charges on the pore wall, influencing the pore transport properties.
III. AN ASYMMETRIC PORE RECTIFIES THE ION CURRENT
After washing in distilled water the pore is ready for further measurements. We begin with determination of the current-voltage (I -V) characteristics. This measurement is done by applying a ramp, triangular, or sine wave voltage, and simultaneously recording the ion current. The important factor is the sign of the applied potential difference ͑Fig. 2͒. We have found that the conical pores for neutral and basic pH values for which their walls are negatively charged show distinctly nonlinear I -V curves. The nonlinearity becomes more pronounced at higher voltages. 25 The question we had to answer at the very beginning is which ions contribute to the recorded current, that is, whether the pore is cation or anion selective. Ion selectivity is usually expressed by the transference numbers of cations (t ϩ ) and anions (t Ϫ ) within the membrane. The sum of transference numbers is 1, and t ϩ and t Ϫ indicate the percentage of the current signal carried by cations and anions, respectively. The quantities t ϩ and t Ϫ can be determined in a conductivity cell in which the membrane separates two electrolyte solutions of the same salt but of different concentrations. The resulting potential difference for 1:1 salt is given by
where F is the Faraday constant equal to 96 485 C/mol, and n stands for charge of ions. For the PET membrane and tenfold concentration gradient of KCl (c 1 /c 2 ϭ10), E m Ϸ50 mV, which gives t ϩ ϳ0.9 ͑and t Ϫ ϳ0.1). That is, 90% of the current signal is therefore due to potassium ions. If we take into account the polarity of the applied voltage, we can establish the preferential direction of the cation flow. Surprisingly, we find that the potassium ion flow is higher in the direction from the narrow entrance toward the wide opening of the pore. It contradicts our intuition about a funnel, in which we always pour a liquid through the wide opening.
We have checked the transport properties of the pores whose surface charge was neutralized by protons at pH 3. Under those conditions the pore practically stopped rectifying and obeyed Ohm's law ͑Fig. 2͒. This result suggests that the asymmetry of the pore may change the electrostatic barrier for ions entering the pore.
Measurements of the I -V characteristics let us estimate the size of the pores by using the relation between the pore's resistance and its geometry, the length L and cross-section A:
where ⌳ is the conductivity of the electrolyte. The value of R is found from the slope of the I -V curve. The measurements have to be performed at high electrolyte concentrations and low pH values. For these conditions the conductivity of the solution inside the pore approaches the value in the bulk. The relation ͑2͒ is valid only for systems for which the length of the pores is much larger than their radius r. In our experiments the aspect ratio, L/r, always exceeds 100. When the aspect ratio is small, the distortion of the current streamlines at the pore entrance has to be taken into account as an additional resistance, known as an entry resistance. It has been shown that the length of the pore has to be replaced in Eq. ͑2͒ by the effective length L eff ϭLϩ1.64r.
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For a conical geometry, Eq. ͑2͒ becomes more complex due to the varying cross section ͑see Problem 1͒, and the final expression for the resistance of a conical pore is
where r L and r 0 denote the radii of the large and the small openings of the conical pore, respectively. Due to the large aspect ratio of the pores, the entry resistance is a very small percentage of the total resistance of the system, and we do not consider it further. Problem 1: Derive Eq. ͑3͒ for the resistance of a conical pore of length L and the radii of two the openings equal to r L and r 0 , respectively. Estimate quantitatively and qualitatively the change in the pore's resistance with decreasing opening angle of the cone.
If we know the conductivity of the electrolyte, the radius of the large opening of the pore, the membrane's thickness, and assume a perfect conical geometry, we can calculate the radius of the small pore opening. At present, we can successfully prepare membranes with an effective pore radius of approximately 1 nm.
We have also checked how the rectifying properties of the pores depend on the size of the small opening of the pore. We have found that the diode-like current-voltage characteristic results from the nanometer size of the pores. When the diameter of the small opening is larger than approximately 15 nm, the resistance of the pore satisfies a linear I -V relation.
IV. CAN THE IONS BE TRANSPORTED AGAINST A CONCENTRATION GRADIENT?
As we have shown in Sec. III, one way to change the I -V characteristic of a conical pore from a nonlinear form to an ohmic one is by neutralizing the surface charge. Another way to make the pore stop rectifying could be based on counteracting the preferential direction of cation current with a diffusion flow. 40 If the side of the membrane with the wide pore opening is in contact with an electrolyte solution of higher concentration, the diffusion flow opposes the observed intrinsic preferential direction of the current ͑see Fig. 3͒ . We measured the ion current-voltage characteristics for various concentration gradients and applied alternating voltage signals of amplitudes in the range 0-0.8 V and zero mean. Figure 3 shows the applied voltage together with the ion current, which was recorded for the concentration gradient 0.1 M/0.75 M KCl, and two amplitudes of the ac voltage signal equal to 100 and 400 mV, respectively. A negative value for the current indicates that the direction of potassium ion flow is in the direction of the concentration gradient. We see that a higher amplitude for the applied voltage oscillation reverses the direction of potassium flow. The ions are then transported against the concentration gradient, and therefore they are pumped. To quantify the pumping effect of the pore, we can calculate an average current ͑average over the period of the ac signal͒, which gives the net flow.
It is remarkable that the pumping of ions by means of an oscillating electric field in the absence of ATP has also been observed for biological channels. [41] [42] [43] [44] [45] Extensive theoretical studies on the role of nonequilibrium fluctuations ͑''noise''͒ on the function of ion pumps has been performed. 46 -50 
V. WHY DOES THE NANOPORE RECTIFY AND PUMP THE IONS?
Before modeling the rectification and pumping observed for conical pores, we point out the properties of the system that are crucial for these effects: ͑i͒ the conical shape of the pore ͑on the basis of our previous experiments we know that cylindrical pores do not rectify the ion current͒, ͑ii͒ the nanometer size of the small opening, and ͑iii͒ the surface charge of the pores. If these three features are sufficient to explain the asymmetry of the I -V curves, it would imply that our model predicts rectification properties of any narrow enough conical pore with charges. Figure 4 shows our model: a conical pore with a homogeneous charge distribution on the walls onto which a potassium ion is placed. We start by considering the electrostatic interactions of a potassium ion with the negative charges on the pore walls. We first recall how interactions between two charges depend on the medium in which they are placed. In vacuum, the Coulomb interaction energy between two charges separated by a distance r is given by
When the interactions take place in a polarizable dielectric medium, the Coulomb interactions are reduced by a dimensionless dielectric constant ⑀:
The screening in an electrolyte solution comes not only from water ͑⑀ϭ80͒, but also from the presence of other ions in the solution. This additional weakening of the interactions is described by the Debye potential:
The parameter measures the effectiveness of the screening. Now, we are prepared to calculate the internal electric potential V(z) on the cone axis z ͓see Fig. 4͑a͒ for an explanation of the symbols͔:
ϪR͑z,zЈ͒ /R͑z,zЈ͒, ͑7͒
and write the equation of motion of an ion along the z axis driven by an oscillating periodic force A sin(⍀t):
where m is the ion mass, ␥ the friction coefficient, and
In our original paper 40 we gave a formula for F(z) ͓instead of V(z)] for a two-dimensional ''cone.'' ͑a͒ Find the corresponding two-dimensional formulas for V(z) and F(z). ͑b͒ Explain how and why the two-dimensional and three-dimensional expressions differ from each other. Figure 4͑b͒ shows the shape of the electrostatic potential obtained from Eq. ͑7͒ for r 0 ϭ3 nm, r L ϭ250 nm, 1/ϭ40 nm, ␥/mϭ1 s Ϫ1 , and ϭ1 nm Ϫ2 . The potential has the shape of an asymmetric sawtooth which implies more negative potential close to the narrow entrance to the pore than at the wide pore opening. A qualitatively similar character for V(z) has been obtained for a wide range of parameters ͑for example, for smaller r 0 and large , for which the asymmetry becomes more pronounced͒. Now we can draw a qualitative picture of the rectification and pumping model. If we apply a potential difference across the membrane ͑therefore an additional force on the ions͒, we obtain a tilting of the potential tooth in one or another direc- tion depending on the polarity. For one tilting direction ͑posi-tive voltage in Figs. 2 and 5͒ , the force required to move the ions through the pore is smaller than in the other direction ͑negative voltage in Figs. 2 and 5͒ when the ions are ''trapped'' inside the pore. 30 Even if the voltage applied across the membrane fluctuates with a zero mean, a net flow of ions is observed. When there is a concentration gradient across the membrane, the tooth is tilted additionally by the Nernst potential. Therefore, we have to apply a higher amplitude external field to make the ions move against the concentration gradient. This mechanism of producing a ''force-free'' 31 net flow in the absence of macroscopic forces is called the ratchet mechanism with a fluctuating force or a rocking ratchet. Figure 6 shows examples of trajectories of ions passing through the conical pore, starting from two entrances of the cone for the same parameters as in Fig. 4͑b͒ . These results confirm the preferential movement of ions in the direction toward the wide opening of the pore. In Ref. 40 we obtained very similar results for another set of parameters: r 0 ϭ1 nm, different phases of the oscillating field instead of different initial velocities ͑equivalent to low values of v 0 ), 1/ϭ300 nm, ␥/mϭ0.005 s Ϫ1 , and the potential V(z) calculated from the charges distributed along the walls of a twodimensional cone. This agreement suggests that the model predicts the qualitative behavior of the system for a wide range of parameters. The most important quality is the existence of the asymmetric profile of the potential, which in turn determines the behavior of the system. The attentive reader may notice at this point that the trajectories shown in Fig. 6 oscillate near the wide exit/entrance of the pore, whereas the trajectories calculated in Ref. 40 do not. This difference is in part the result of different time scales and is due in part to much higher friction and initial velocities in the present calculations. ͑If the trajectories from Fig. 6 were sufficiently stretched to show the first passage when the ions traveled the whole length of the pore for the first time the oscillations would not be visible.͒ Next we discuss how the physical properties of the electrolyte constrained in a narrow channel are different from the bulk solution. We begin with the screening length L D ϭ1/, which in the bulk is of the order of 1 nm. Experimental data show that the pore is cation-selective, that is, at least in the narrow part of the pore, the anions are depleted. At the very tip there are probably no mobile anions ͑in our case Cl Ϫ ) due to the strong repulsion from negative charges on the pore walls. There is just no place for them, which implies that there is no screening.
There is no direct way to determine the value of the friction coefficient inside the pore. The relation between the electric field induced by charges inside the pore and the applied oscillating electric field is not well understood. The amplitude A of the oscillating applied potential difference is known. The density of the charges on the pore walls is about one elementary charge per square nanometer, which gives us a basis for determining the internal field. However, A is measured with respect to some arbitrary reference potential V 0 ͑we measure the potential difference͒, whereas the potential resulting from the charge can be calculated with respect to another zero-potential corresponding to zero charge. Measurements of the value of V 0 at zero charge are not straightforward. The mass of an ion in a solution is not well defined either. In an electrolytic solution, the ions are hydrated ͑that is, they move together with a few water molecules; how many, we do not really know͒, which increases the mass to as much as 100 .
All these considerations and uncertainties point out that the design of synthetic systems with known geometry and chemical structure can be helpful for understanding phenomena occurring on a nanometer scale. It is important to build theoretical models with physical parameters, which subsequently can be found by fitting the experimental data.
Problem 3: Write a program that calculates the potential V(z) and force F(z), and solves Eq. ͑8͒. Find the ion's trajectories for different sets of parameters.
Project 1: Find expressions for the potential V(z,r) inside the entire cone, not only along the cone axis ͓see Eq. ͑7͔͒. ͑To avoid infinities, remember that ions are not point-like, but have finite diameters͒. Next, write an equation for the three-dimensional motion of an ion and solve it numerically.
VI. DESCRIPTION OF ION TRANSPORT BY SMOLUCHOWSKI EQUATION
The simple single-ion-motion model presented in Sec. V explains the qualitative behavior of asymmetric nanopores. However, it is not suited for calculating the ion current, which is the main observable of the properties of the nanopore. We note that a ion current of 1 nA corresponds to ϳ10 9 Fig. 5 . Schematic representation of the principles that describe how a conical pore rectifies the ion current. The asymmetric conical pore has an internal potential in a form of an asymmetric tooth. Changing the polarity of the external potential difference changes the height of the potential barrier. The potential is ''rocked'' resulting in the net flow. Fig. 6 . Trajectories of a positive ion starting to cross the pore close to the ͑a͒ narrow and ͑b͒ the wide opening of the pore, calculated from Eq. ͑8͒ with the same parameters as Fig. 4 . The horizontal line at zϭ12 m marks the wide exit from the pore.
ions passing the pore in 1 s. One disadvantage of the singleion approach is the difficulty of introducing interactions of the ion with other ions in the solution and with waterfriction is the only parameter describing these effects. Moreover, this model does not take into account either thermal fluctuations or fluctuations due to the small size of the pore, which significantly influence the ionic movement. The fluctuations could be introduced by adding the noise component directly into Eq. ͑8͒, but the resulting stochastic differential equation is very difficult to solve numerically. One way to overcome these difficulties incorporates a hydrodynamic approach through the generalized diffusion ͑electro-diffusion, Smoluchowski͒ equation:
J͑z,t ͒ϭϪD ‫ץ‬c͑z,t ͒ ‫ץ‬z ϩF tot ͑ z ͒c͑ z,t ͒, ͑10a͒
where is the ion mobility, D is the diffusion constant, c is the concentration, J(z,t) is the flow ͑current density͒ of the ions, and W(z) is the external electric potential.
The following simplifications can be applied in our case. In the stationary state, c and J do not depend on time ͑re-member that the external field changes adiabatically͒. In addition, by mass ͑charge͒ conservation, in one-dimension J does not depend on z. Equation ͑10͒ then becomes a simple nonuniform first-order ordinary differential equation. If we assume that the internal potential outside the pore is equal to zero, and solve Eq. ͑10͒ for zϭL with the initial condition at zϭ0, we obtain:
where ␤ϭ/D. If we substitute V(z) from Eq. ͑7͒, and let W(z)ϭUz/L with U the external voltage, it is easy to calculate the current density J, and therefore the current I together with the net current ͗I͘. A comparison of the measured I and the value calculated from Eq. ͑11͒ is shown in Fig. 7 . Figure 8 shows the net current ͗I͘ determined from the experimental data ͓Fig. 3͑b͔͒ by averaging the current over the period of the ac signal, together with the fit obtained by Eq. ͑11͒. These results show that it is possible to fit the parameters of the model only to some of the experimental data. The model reproduces very well the experiments for symmetric electrolyte conditions. However, if we use the same parameters for the system with a concentration gradient, we obtain an incorrect prediction for the current ͑dashed line and diamonds in Fig. 8͒ . On the other hand, it is possible to find another set of parameters that reproduce well the data for asymmetric electrolyte conditions, but that work badly for c 0 ϭc L ϭ0.1 M. However, Eq. ͑11͒ incorrectly reproduces the dependence of the rectification and pumping effect on the diameter of the narrow aperture. These results imply that we should be careful with conclusions drawn from simplified models. Problem 5: Discuss how the assumption of the adiabatic character of the ion current changes when the conical pore is described by the three-dimensional model. How will Eq. ͑11͒ change?
Problem 6: Write a program to solve Eq. ͑11͒ and calculate the current-voltage characteristic together with the net current ͗I͘ for c 0 c L . The use of one-dimensional models, both in Sec. V ͑cf. Project 1͒, and especially in the diffusion approach, requires some justification. The one-dimensional ͑1D͒ description in restricted geometries can be understood as a threedimensional ͑3D͒ geometry averaged over directions perpendicular to the pore's z axis. Such an average is legitimate only under several additional conditions that are too specific to be discussed here ͑see, for example, Refs. 51-53͒. More important, however, is to point out the price of such a 1D projection. The reduction of a three-dimensional to a onedimensional model leads to the interpretation of physical parameters as effective ones. For example, the Debye screening length in a 0.1 M 1:1 electrolytic solution is about 1 nm. The average of the real, 3D screened internal electrostatic poten- Fig. 7 . Dependence of I on the voltage V, both measured ͑dashed line͒ and calculated from Eq. ͑11͒ ͑full line͒ for equal concentrations on both sides of the pore (c 0 ϭc L ). The parameters D, U, and ␤ were fitted to experimental data; the intrinsic parameters are the same as in Figs. 4͑b͒ and 6 . These results show the rectifying properties of the nanopore. Fig. 8 . Comparison of experimental data for the net current through a single conical pore for equal ͑circles͒ and unequal ͑diamonds͒ concentrations on both sides of the membrane, using Eq. ͑11͒. The following parameters were used: D eff ϭ2.5, A eff ϭ35, ␤ eff ϭ7, eff ϭ0.1, which for Aϭ0.8 V and I ϭ0.5 nA ͑symmetric electrolyte conditions͒ correspond to the physical quantities:
tial V(z,r;) ͑from Project 1 in Sec. V͒ results in the effective potential V eff (z; eff ) with the effective screening length 1/ eff . Both analytical ͑very rough͒ estimates, and numerical ͑very lengthy͒ computations imply that the effective screening length is at least two orders of magnitude larger than the screening length in three dimensions ͑this is one of the reasons why here and in Ref. 40 we used L D ӷ1 nm). The same problems appear on an even greater scale in the description of transport through biological channels, that is, nanopores built of proteins that are even narrower and shorter than those considered here. Interested readers will find discussions in Refs. 52 and 53. Project 2: Use the potential V(z,r;) from Project 1 to estimate analytically and numerically the effective screening length. Hint: average V(z,r;) over r, both directly and using the procedure given in Ref. 51 , and compare the results with V eff (z; eff ) calculated from Eq. ͑7͒. To simplify the task, you may use a two-dimensional description instead of a three-dimensional one ͑especially in numerical computations͒, a cylindrical (r 0 ϭr L ) instead of a conical geometry, and a much shorter pore ͑a length of about 50 nm will suffice͒. In analytical estimations, look for the greatest contributions to the relevant integrals ͓the smaller R(z,zЈ,r) is in analogs of Eq. ͑7͒, the greater the integral͔.
The reasons for the unsatisfactory results of the generalized diffusion model lie not only in the several approximations that we have above. The main question is whether this type of model is applicable to nanometer-sized pores. Diffusional ͑hydrodynamic͒ descriptions involve quantities such as the diffusion coefficient, concentration, and current, that is, average ͑macroscopic͒ quantities usually associated with many particles. On the other hand, the narrow part of the pore-a few nanometers in diameter-is of the order of a few ion diameters ͑the K ϩ diameter in a crystal is about 0.27 nm, that of a hydrated K ϩ is about 0.7 nm͒. It is known that in very narrow channels with charged walls the ions move in single file ͑cf. Refs. 19 and 54͒. This motion makes the application of a continuous description questionable.
A correct three-dimensional theory, taking into account as much geometrical and electrostatic details as possible, together with further measurements in narrow pores of various geometries and various distributions of internal fields, are needed to settle this intriguing problem. We are currently working on these issues both experimentally and theoretically. Further studies should also answer the question if and how the pore differentiates between various cations. Systematic studies with monovalent cations from lithium to cesium as well as polyvalent cations will give us information on the influence of the internal pore potential on the cation's movement. We will also check if the potential of the pore changes when various cations pass through the pore.
VII. CONCLUSIONS
We have discussed the track etching technique for structuring materials on the nanometer scale. The preparation of single asymmetric nanopores in polymer foils was described together with the methods to study their transport properties. We demonstrated that when the dimensions of the pore are on the order of nanometers, the pore changes its transport characteristics. A conically shaped, charged nanopore is cation selective and acts as a diode with a preferential direction for the cation flow from the narrow entrance toward the wide opening of the pore. Moreover, the asymmetric nanopore transports ions against their concentration gradient when a fluctuating electric force is applied across the membrane. An intuitive qualitative model of the ionic rectification and pumping was based on the ratchet mechanism with a fluctuating force. We also discussed the applicability of the Smoluchowski equation to the quantitative description of ion transport through nanopores.
The suggested calculations and numerical simulations ͑the tasks marked as projects are more challenging͒ will help physics students understand phenomena occurring on a nanoscale.
